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ABSTRACT

/5877
This report covers the second quarter'!s work on a program to develop an
electrolytic method for the preparation of high dielectric thin films,
Results are reported for the anodization of niobium substrates in baths
containing lead,; cadmium and ethyl acid phosphate, titanium substrates in
baths containing lead and barium, zirconiumm substrates in baths containing
lead, and all three substrates in a number of other baths,

Titanium strips anodized in baths containing soluble lead species yielded
£1ilms exhibiting higher capacity - voltage products than might be expected
for single oxide comporent f£ilms, Niobium strips anodized at low forming
potentials in basic plumbite baths produced thick films consisting of a cone
ducting layer over a capacitive layer. These films exhibited brealoddown
potentials higher than their forming potentials,

Anodized niobiun films contacted with potassium hydroxide and anodised ti-
tanium films contacted with barium hydroxide gave reactions indicating the
possible formation of the corresponding micbate or titanate. Firing condi-
tion criteria in air and vacuum were obtained by firing titanium stripe con-
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taining anodized films, Adherent films were produced by snodizing at high,
sparkeproducing current conditions. The possible utility of the spark
method is indicated, flectAor




Section I

INTRODUCTION

The objective of this investigaticn is the prepareation of high dielectric
thin £1lms by electrolytic techniques. The bdbackground; experimental sapproach,
?nd. pro-uu)xg film constituents have been discussed in previous documents.
Refs. 1, 2).

The experimental work for this quarter has beem concentrated on the investi-
gation of beths containing soluble metal additives wherein the desired doubdble
netal oxide might be formed directly during the anodizimg process - tbus
eliminating the difficult prodlem of reacting and sintering mixtures of
oxides. Bgth component metals and substrate metals to be eanodized were
selected on the basis of combinmations whose oxides give high dielectries
vwhen prepared by cerwmic tecimiques. Bxamplss of such coabinaticns are T
substrates in Be and Pb-containing baths and Nb substrates in K and Ca-
containing bathc, based on the bigh dielectric ceramics BeTi0.,, PUT10.,

Kb, and C + Since metals are usually positively ¢ in
udautendto void being incorporated into an anodic film, a comversion
of the metals to neutral or amionic species appeared desirsble where pos-
sible. Cadmium solutions were complexed with cyanide and lead with BDTA.
Soluble plumbous hydroxide (usually referred to as plumbite) was prepared
by dissolution of a lead salt in strong base.

McBeill (Ref. 3) snodised Cd metal in a niobate bath at high, spark-producing
currents by employing potentials above the breakdown voltage of the imitially
formed anodic film. The insoludble material that had fallen off of the anode
was characterized as after firing. Gruss and McNeill (Ref. &)

have ancdized a variety of metals in aluminate, tungstate and silicate

baths at sparkirg potentials. Alumina or espinels, tungsten oxide and
silicates were identified in the anode products along with oxides of the
anode metal. The authors attribute the formation of these refractory
products to very high, locel tempersiures caused by the spark-actiom.

Advantage might be taken of the localized high temperatures produced by
anodic spark resctions in forming the proper high tempersture phase of
the high dielectyric mixed mstal oxides in film form. Necessary require-
wents would be the availability of the correct proportions of the metals
at the spark site and an adhering and reasonasbly uniform film product.
Several baths were investigated with respect to their adility to form ad-
hering sparked films.

Herwood and Klassns (Ref. 5) bave reported that T10,, and barium hydroxide
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will react to form barium titanate in the liquid range of the hydroxide,
Anodized Ti fiims were reazted with barium hydroxide as a means of pre-
paring the titanate in filu form. In an analogous series of experiments,
anodized Nb films were reasted with fused KOH in an effort to produce
mbOB.

In the preparation and sintering of a film consisting of separate, mixed
oxides, a failure to produce a high dielectric might be due to faulty com-
position or to improper or insufficient heating conditioms,

In order to separate the variables and investigate only the heaiing effects,
a number of T films were provided with electrophoretic coatings of com-
marcial BaTiOy powder and fired under various conditions, Scee Zr sub-
strates with anodic films were also fired,
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Section I

EXPERTMERTAL PROCEDURE AND RESULTS

A. Materials, Equirment and Technique

The spodizing cell design, counter elsctrodes, and capacity and loss eval-
uation techniques hove been described in the First Quarterly Report (Ret. 2).

During this quarter, ell capacity Eeasuremnts vere made with the mercury
counter electrode {arez of 1/20 cn”) and all belh volumes were 250 ml
unless othervise specified. After ancdizatigm, the films were routirely
rinsed with distilled water and dricd at 110°C for st lesst 30 minutes
prior to messurement,

Referepces will be mede in the text to arcs or scintillstions observed
during film growth. The former ver: large individoal events giving cur-
rent surgee and lsading o the pumcture of the film and usually the creation
af fused dshris cutgrowthe. The goirtillaticxs, on the other hand, were

mltiple small sparks {usually asssocicted with the growth of thicker,
opaque fiims) observed during steady currsnt conditionms.

The metal substretes to be anodized vare all cut from 5 mil thick sheets:
T4 No. 55A from Titanium Co. of America; Nb Fo. 89A622-51-23HO11k from
Fansteel Metalurgicel; and Zr from Carborundum Metals. The potassium
silicate solution employed in some baths wes Kasil 88 from Philadelphie

Quartz Co., conteining 9% K0 and 20% 810, by weight.

High resistance measurements were made on & Icckheed-designed, variable
voltege, DC megohmmeter, Breakdown potentiale were determined by moting
the shape of the hysteresis curve displayed on & Tetronix, Type 575,
Transistor-Curve Tracer using half-wmve rectified AC. Both types of
megsurements were m2is using silver paint counter electrodes. Parallel
or series eguivalent circuit capacity messurerentc ere denocted by the
gubseript on the lcss value (as Dp or Ds).

B. Pilme Formed on Hbd in KOE-Blumblte Baths

The baths were preparad by adding leced scetate trihyirate to s solution

of potassium hydroxidz. The resultant solutions contained excess potaa-
sium hydroxide, potassium acetate, and a scluble leed hydroxide (¢be latter
usually referred tc es pluzbite). '

Using s tath prepsved from 20g KOE and Sg FD(c’ﬁég ) .33%0 , untreated

Ti strips, the current limfted up to 0 me/em § & Timt ing potentisls
of 15 to 20 wits, 2 two stage film growth was oSbservad. A thin, treng-
parent, biue filu Tarred repidly and the current dropped to a varisble



fraction of the preset 1imit. Black dots then gppeared, scattered over
the £1lm surfece. On prolonged ancdization (several hours) the black
dots coalesced giving the gppearance of 8 thick, dendritic, black film
covering a major portion of the initially formed thin, blue film.

Capacity and loss vaiuwers rsaging from 2 microfgrads et D 0.2%

to T microf at D =10vereobtainedforstripsgaﬁngmanodized
area of 2.5 ca“ per sgw. For any giver strip the measured capacitics
vere relatively insensitive to the aree of the mercury or silver peint
counter electrodes employed.

Thick, black f£ilm were by anodizing for one hour (umder the con-
ditions described adove ;mmmmwrsstﬂppedotfofthe'ﬂ
substrates by reanodizing in & 25 volume percent Et 52"% bath. A
spectrographic anelysis ylelded a nicbium contemt of 0.15 weight percent
in the stripped film.

Various Nb substrate pre-treatmsnts and znocdization parameters were in-
vestigated to improwve the quality cf the KOH-plumbite baih £ilms and to

prepare them faster. Soeking the strips in E,S0) -chromate {glass clean-
ing solution) priocr to snodization, &nd then zing without current
lexttation gave the fastest grovwing and most uniform Black films. Under
these conditions, an initial current surge of about 200 m/cn was observ-
ed. A silver psint counter electrode time of about 40 hours at
110%C eppeared to give minimum losses. (Prefi{ring the b strips at

precoating them with an eleetrolytic lead film, pre-anodizing in a plain
KOH dath, and reducing the electrode spacing of the anodization cell

444 not appear to be of any benefit.} The optimum forming potential was
15 to 20 volts. Paising the woltage rmich above 20 led to scintillations
and apparently s different type of film growth mechanism. In those
cases, the usual black film were not obtained and the cepacities were
reduced drastizally.

BExanples of capacity and loss date for strips exhibiting uniform bhck
films ere lizted in Tsbl? Bo. 1. The capac:ltées were still roughly pro
portionel to tie film area (two sides - 5 cm”) and independent of the
area of the counter electrode. Several of the films were given further
slectricel tests. Strip 104C exhitited a resistence of 12 megohms at
1.5Y DC and onc megohm at 2.0V DC. For strip 1C the DC resistance was
20 megohms st 2V snd one megohm at 8V. Typical curve tracer observations
are given in Table No. 2. The testing pctentiale were raised rapidly
taking only a few mimites to reach the breakdown point. The DC resist-
ance ernd breakdown potentials were measured using silver paint cowmmter
electrodes with the counter electrodes alweys at negative {or ground)
potential. Reversing ths current flow recuited in breakdown at only a
few volts.



TABIE Ho. 1
Capacity end Loss Values for Thick Black Films Formed on Hgsoh.
Chromape Scalked Fb Strips in XUH.Piumbite Beths at 20 Volts. Cur-
rent Unlimited. BSilver Paint Counter EBlectrode Drying Time Approxi-
mately 20 Hours. ‘
Bath Concentration

Porming Cepacity

Strip g K0E Timoe per Strip Loss
No. & PBCpHs0505-3050 (min) (aF) (®s)
10h¢” 12/h 60 360 0.15
107A 15/% 60 1100 0.35
iB 20/% 30 660 0.13
1c 20/% 30 650 0.15
2C 12/4 22 630 0.10
kA 20/% 90 370 0.30
4B 20 120 7, 0.ko
1DAN# 3/1 15 1100%#% 0.30
# Hb strip soaked in 8N lmo3.
2 Hepowry counter siscircds used.

TARIE No. 2

Strip Current at 20V Breakdown Potentisl
Xo. (pa) {volts)

10ke 2.0 27
107A 3.5 28

1B 3.5 25



C. Films Formed on T¢ in XOH-Plumbite Baths

The baths were prepared as discussed in Section II B. (The symbol 3/1,
for instance, will refer to 3g KOH and 1g Pb(CpH302)2°3H20 used in the
preparation of the bath,)

The thick black films grew in the same mammer as did those on Nb sube
strates, Films formed in a 3/1 bath under variocus conditions are listed
in Table No. 3, When the bath concentration was increased to 20/5, more
variable fiims were produced with capacities ranging from 500 to 35,000
nF per strip at loss values of about two «- this with forming currents
limited at 10 or 35 ma/cm?, When the forming current was not limited,
the thick films were loose and powdery. Here, as in the case of the
thick black films on Eb substrates, the capacities were roughly propore
tional to the total anodized area of the strips. '

By employing short anodising times, more dilute baths, or higher forming
potentials, £1lms could ba produced on Ti, in KOH~plumbite baths, that
were thin and mlticolored and did not exhibit a total ancdized area-~
capacity dependence., They were usually produced with a thin deposit of
gold or brown colored dust on the surface, Up to about LO volts these
films exhibited high losseas (D values from one to two) and capacities
ranging from LOO to 10,000n¥/em®. At higher forming potentials, films
with losses less than one were o . Table No. L lists only those
films having capacities of 200 nF/cm“ or higher and losges of one or
lower, Measurements made using agueous LiCl counter electrodes (after
measuring a given strip using mercury) yielded higher capacities and the
same or slightly lower louses. Firing at 800°C in air drastically re~
duced the capacity velues of these anodized films,

Do Films Formed on T4 in Other Lead~Containing Baths

The results with simple lead acetate baths and with the lead complexed by
EDTA sre presented in Table No. 5. The Bath Concentration mumerator refers
to the grams of Pb(CyH305). 3HoO and the denominatar to the grams of Nap
EDTA*2Ho0,

Other baths were prepared by dissolving Pb(CoH302)-3H20 in 100 ml of Kasil
88 and diluting to 250 ml. Using 0.1 g lead acetate, a forming potential
of 125 volts, and curren} densities of 10 to 150 ma/cm?, £1lms with capa-
cities of about LOnF/cm® at Dp = 0,15 were produced, Scintillations wers
observed at the highest current densities and the film values were not in-
ternally consistent. When the lead acetate content was increased to 1.0 g,
the forming poteatial could nct be raissd past about 70 volts at current
densities to 30 ma/cm?,

One Ti strip was ancdizsd in a bath prepared Irom 5g Pb(C2H302)2¢3Hz0 and
5 g Zr0(NO3)2° E,C. After 6 mimtes at high current, a potential of only
25 volts was attained and zrcing set in. The resulting film had no measure
able capacity.
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B¢ Filme Formed on Zr in leed-Conteining Baths

Films were grown in 2 simple bath made from S g Pb(C;H 07)503H0. The cepa-
city and loss values are given in Teble No, 6 iims were an opaque griy
when formed at 100 vol ts or greater,

Efforts to grow the high capacity per strip, thick, black films (as are cob-
tsined on Nb ard Zr substrates in a KOH-plumbite bath at 20 volis) were not
successful, A uniform black film was cbtained on Zr in a KOH-plumbite bath
at 50 volts but it had no measurable capacity. Scintillations were observed
in a 9/3 KOH-plumbite bzth at 70 volts and arcing at 130 volts. Increasing
the KOH concentration decreased the voltage at which the scintillations

first appeared. Capacities gf the sparkegrown films were low - the highest
obgserved value was 0.6 MF/cm®,

A thick, white film was grown on Zr at 300 volts in a bath containing 5 g
Pb(CoH302)2¢ 3Hp0 ard 5 g Zro (NOg) 0 After 13 mimutes the current
was stil]l passing at the rate of 228 ma, The capacity of this film
wes 0,2 nF/cm<,

F. Films Formed on ¥b, Ti ard Zr in Simple KOH RBaths

i = -

ND smp& H.IKJU.LZW &v 20 70 18 in 65 Roh mw. ‘5 l\Uu bc.vh vuuwutaativup
vielded only thin blue films, The current dropped rapidly from the initial
35 nafem? 1imit to C.2 ma/m:wé and a maximm of 65 volts was reached, A three
mimute anodization &t this level produced a f£ilm with an average capacity

of 120 nF/em2 at Dg = 0,022,

The results with Ti stirips are presented in Table No, 7. Pretreatment in
all cases was an acetone wipe, No black films were observed,

One Zp strip was ancdized in a 50 g KOH bath to determine whether a thick,
spark-type filn could be grown, Sparks were observed at 80 wolts amd 140
ma/cn?, After 10 mimutes the strip still had a thin, colored film with
breakdowr. spots, The capecity was veriable and low,

Go Films Formed on Ti in Barium<Containing Baths

The simple EtH?P{)h snd the EtHyPO)~barium phosphate baths have been described
previously?, rilms produced in these baths urder high, limited current ano-
dizing conditions are listed in Table No., 8. In the simple bath, arcing was
observed only in the gas phase (produced by a gas bubble collected under the
jig). In the barium=containing bath, areing tock place randomly over the
strip surface producing small areas of white debris., Forming times were made
short to preserve erough unsparked ares to allow placament of the counier
electrode, The films were measured after drying at 110°C and then after
firing at 800°C in eir. The white, arc product areas had maich lower capa-
cities than the unsparked gray film areas listed in the tabie.

Titanium strips were also anodized in solutions containing 3g Ba(OH),°8Hy0
or 5g Ba{CoH30p)rnHz0, Capacity ard loss values after drying at 11030

after firing at C are listed in Table No. 9. Arcing took place at 195
volts in the hydroxide bath. The acetate bath-formed films, after firing

2-8
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as 800°C, exhibited lower capacitiecs and higher Josues than before fixing.
The valuez changsd “oo fast during measurement to obtain significani read-

.
ingSe

Ti strips were also ancdized in a bath of fused Ba(OH)2°8H20 contained in

a nickel crucible serving as the ancde., The barium hydroxide was mairiained
somewhat above its melting point of 78°C, _No stopeoff was used, A constant,
limited current was employed., At 60 ma/cm? a voltage of 30 was reached. The
£ilm had a capecity of 0.6 pF/cn® at Dg = 0.03. At 160 ma/cn? a voltege of
50 was reaghed with arcing. The capacity of the resulting film was abou®
0,08 s F/cm® on all areas.

H, Films Formed on ™ in a Pyridine-Water Bath

The starting bath was a suspension of BaTiOs particles in pyridine. The cell
was similar {o that used in the other znodizZations except that ths cathode
was reduced to fit irn a 100 ml beaker., The use of the stop-off jig was not
necessary, Tae anodization voltage in each case was 40O volts, The current
densities were low only reaching 3 ma/cm2 after a large amount of water was
added to the bath, Since no evidencs for the incorporation of particles
into the films was found, the filrpcan be considered as single phase. The
first £ilm formed was the thin. transporent type. As the water content was
increased an increasing fraction of the strip was covered by a thick, white
dzposit in the form of small dots, Capacity and loss values are given in
Table No. 10,

I, Films Formed on Nb in an Ethyl Acid Phosphate Bath

Tne bath contained 50 ml EtH,Zpo and 200 ml HpO, Anodizations were carried
out for 15 to 30 mirmtes, at which time, the current dropped off quickly
(strips 68B and 73C are exceptions). The films were dried at 110 to 200°
C. The results are listed in Table XNo. 11.

J. Films Formed on ¥b in Cadmium-Containing Baths

The simple baths were prepared by dissclving 5 or 20g of Cd S0, Alternately,
one g KCH or 6.5g KCN were also added.

The results are listed in Table No. 12. When silver paint counter electrodes
were employed, the capacities were louwer and the losses higher. The simple
baths produced thin, transparent,; rose-colored films at 100 volts, At 200V
the film was gray. Scintillations were observed whern anodizing to 30C wolts
in the KOH-containing bath. The £ilm on strip 26B was a thick, ceramic
white, The cyanide containing bath produced grey films with scintillztions
at the higher current denazities,

K. Films Formed on Nb, Ti, and Zr in Miscellaneous Baths
One strip of each substrate metal was snodized in & bath of 250 ml of Xasil

88, With ¥b, scintillation set in at about 150 volis and sreing at about

2-12
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Table No., 10
PLi Anodized in Pyridine-Water Baths at L0D Volts

Strip Water Forming -Capaci loss

No. Added Time (gF/cmg (D)
(min)

5SA None 15 200 0.27

55B Slight 5 6 0.17

55C Large 15 0.6 0,10

2=1)4
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220 volts at high current density(of the order of 100 m%@z). After 12
mimites near 220 volts a £film with a capacity of 2,1 nF at Dp = 1.5
was produced, With Ti, scintillation began at about 100 volis. After 30
mimites at 185 volts the current dropped from 160 to 1 ma/cm® and a £ilm
with a capacity of 0.08aF/cm? at Dp = 1,0 was produced. :}r strip
held for 93 mimutes at 100 wolts dropped from 20 to 0,1 ma/em*., The re-
sulting £ilm had a capacity of approximately L nF/cm® at Dp= 0.35,

Niobium strips were anodized in a very dilute solution of NaHCO3. At 195
volts, variable-valued £ilms were produced. strip held 30 minutes at
150 volts (initial current density was 20 ma/em®) produced a film baving
a capacity of 80 nF/cm? at Dg = 0,02,

Titanium strips were anodized in a bath of ammonium citrate prepared by
dissolving 5.3g H3CaH507<H0 in water and adding NH)OH to a pH of 5 to 6,
Only thin, interference color films could be wn using forming potentials
to 195 volts and current densities to 55 ma/cgt

Zirconium strips (etched in HF-HNO3) were anodized at 100 volts in a bath
prepared by dissolving 5g ZrO0 (NO3)ponHpO in water, In gbout 30 minutes
the initial, high current densities dro to 0.2 ma/em®, The capacities
of the resulting films averaged 0.8 nF/cm® at Dg from 0.03 to 0.07. Heate
ing one of these films to bright red in a bunsen flame resulted in a ten
fold increase in loss.

L, Reaction of Anodized Nb Films with Potassium Hydroxide

Niobium strips containing opaque films grown in the EtHpPO), bath wers dipped
briefly into fused KOH, (Too long an immersion time resulted in completd
dissolution of the film and attack on the metal substrate). After rinsing
off the excess KOH with water, a change in film color from gray or rose-gray
to white was observed, After drying at 110°C capacities of approximately
60 microfarads/cw? at Dp = l; were observed. After a few mimtes out of the
oven the capacity fell off and the lose increased, After rehea to L00°
C, the capacity was partially restored to about L microfarads/i but the
loss was 33, Reanodizing the dipped films in the EtHpyPO} resulted in values
not as good as ordinary anodized films.

Niobium strips with the gray films grown in the cadmium containing baths
were also dipped in fused KOH to produce a white product. Using the No, 2k
strip es (see Section J,) reacted films with an average capacity of

o8 nF/em® at Dg = 0,01 to 0.06 were produced after rinsing and drying.
Dipped strip no. 26B was 18 nF/cmC at Dg = 1.0 after a similar treatment.

M. Reaction of AnodiZBd T4 Films with Barium Hydroxide

Opaque émgray films were formed on T4 sirips by anodizing in an EtHpPO} at
20 ma/em® to 225 volts., After drying, parts of the strips were dipped for
a few seconds into fused Ba(OH)e8Hp0 (melting point about 78°C) to form
a thick coating. The coated strips were heated in air briefly to 550°C
and then held for 30 mimutes at LO0®C. The resultant thick, flaky coating
was washed off with water, the strips dried at 110°C, and the capacity

2=17




measured with a mercury counterelectrode, The dipped portions of the film
exhibited & capacity of from O.i to 0.8 nF/er while the undipped portions
were higher at L to lO-nF'/cmz. The loss values were low - less than one
percent, Treating the reacted strips with the sitrongly acid EtH2PO) ano-
dizing bath (to remove traces of barium hydroxide) and then rinsing and
drying raised the capacities of both sections but also increased the loss:

Undipped - 15 nF/cm2 at D = 0,25
Dipped = l.3nF/cm? at D = 0.1,

Refiring at 850°C far one hour in air raised the values for the dipped film
area to 3nF/em® at D = 0.2 and simmltaneously reduced the capacity of the
undipped film area,

Thicker, more porous anodic films were formed on Ti strips by anodizing in
the EtHyPO) bath for 1} mimtes at 140 ma/cm? to approximately 300 volts.
These f1lms were allowed to stand in the fused Ba(OH)2°8H20 for about one
mimite, The strips with their thick dip-coats were then fired in air for

3% hours at LOO®C followed by % hour at 850°C, After removing the unreacted
excess by dissolving in EtHoPQy end rinsing and drying, the portions of the
£ilms exposed to barium hydroxide contained three distinct types of regions:
relatively smooth black film with an average capacity of 1.2 nF/cm® at D =

0.25; cracked and peeling white pmduct srea with an aversge capacity of
0.40nF/cm® at D = 0,55 and a very thin, yellow £ilm area (where the thick

£41ms had fallen off) exhibiting a widely varisble high capacity averaging

sbout 6000 nF/cm? at Dp = 2,5, Te film areas not exposed to barium hydro-
xide gave an average capacity of 1.0nF at D = 0,1,

In an alternate procedure the anodized Ti strips were dipped into fused
Ba(OH)p which has a melting point of about 40B8°C. In this case the reac-
tion proceeded directly to give a rough and porous white product which did
not adhere to the Ti subsirate. Capacity measuremsnts could not be made,

N. Heat Treatments of BaTiO4 Deposite on Ti Strips

Approximately one gram of BaTiO3 powder was grourd briefly with a small
amount of pyridine in a mortar. The slurry was added to a 100 ml sisze
cell and dfluted to 75 ml with pyridine. Deposition was carried out with
the axial ™ strip at 195 volts negative. Excellent coverage of BaTiO3
was obtained in i to one mimute,

Capacity and loss values following various heat treatments are presented in
Table No. 13. No sintering was cbserved for the BaTiOj deposits heated to
1000°C in air or to 1080°C in vacwum, The deposits still adhered to the T
substrate, but could be easily wiped off with a towel. After firing at
1250°C in vacuum the BaTi03 deposit had 2 sintered, metallic gray appearance,
Deposits fired at both temperatures in vacuum were highly conducting whereas
the air fired deposiis were highly resistive, The vacuum=-heated deposits
could be made resistive by heating in air., {See Table No. 1h).

0, Heat Treatments of Anodized Zr Strips

Zirconium strips having gray films formed in a lead acetate bath were heated
at 1150°C for 15 mimites in vacuum, The films disappeared leaving a bright,
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'Film Type

C . BT -y

T TP X % Ty
Aredil g L

Heat Treatment Capacity Lozs
(pF /cm?) ()

Bare T4 800°C, Air, 1 hr, 28 0.1k

Dried at Roonm Tempo E‘ 003 0015
Thick

800°, Air, 1 hr, 1.0 0.5
BaTiO;

1000%¢, Air, 2 . 0.6 0.3
Deposit

1080°¢, vac., 1/3 hr. 100 x 103 o
on Ti

1250°C, Vac., % hr. 60 x103 33
Film Grown 800°c, Air, 1 hr. Lo 0.3
Under BaTiOj 1000%, Air, 2 hr.* 3.0 0.2
™ Strip Containing 3.0
BaTi03 Deposit 1000%¢, Air, 1 Wr, to 0.2
Anodized in 2l
EtHaPO), Bath
Film Grown Under
Combined Deposit 1000%¢, air, % hr. 26x100 30

and Anodization

# A thick white film,
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Table No. 1

After Heating After Firing 3 hr,
to Red Heat in at 800°C in Adr
Original a Flame
Vacuum
Heat Capacity loss Capaci Loss
Temperature (aF/cx®) () (nF/cmg (D)
1180% 100 0,07 26 x 10=3 0,15
1250°¢ 400 0.6 2,k 0.16

2=-20




coarse~grained metellic surface, A zirconjum sirip having a very thick white
£i1m formed in a zirconyl nitrate-lead acetate bath was beated at 1250°C for
30 mimites, A gray, low resistance film remained; however, the substrate

netal was brittle and shattered into small fragnents,

221



Section III
DISCUSSION

The thick, black films grown on Nb to 20 volts in KOH-plumbite baths
(Section B) may be considered to consist of two layers: a capacitive,
high resistance, imner lsgyer and a conducting, non-capacitive, outer
layer. The ocuter layer, acting as a mildly resistive, "built-in" coun-
ter electrode causes the capacity measurements to be indspendent of the
area of the metallic contact employed. It also causes the loss to be
higher than expected (from capacity and resistance measurements) by con-
tributing a series or contact resistance, :

If one assumes the effective area of the capacity measurements on the
thick, black films to be the total anodized area of both sides of the
strips, then the unit area capacity of these films is on the order of
Oel  F/om?, This is not a high value for a 20 volt film if the effec-
tive capacitive lgyer is very thin, Higher microfarad-volt products
were obtained by anodizing Nb in simple basic baths, Although a amall
Nb content was found in the stripped, black films, the postulation of the
formation of a doubls oxide lype high dislectric is not required., The

bulk of the black film is probably a conducting form of lead oxide.

One of the interesting properties of the thick, black films on Nb is their
ability to withstend nigher voltages than the forming voltage before breake-
down,

Titanium anodized at 20 volts in a KOH~plumbite bath (Section C) apparently
gives the same type of double layer black films as are cbtained with Nb,
For films with losses less than one, the capacity of the Ti-based films
averages about 0.2 F/em? (Table No. 3) or roughly twice that of the Nbe
based films, The losses were also generally higher, and the black films
could not be made as uniform,

Anodized Ti films, prepared in KOH-plumbite baths, without conducting
black layers, exhibited capacity - voltage products ranging from 13 to 56

F-V/cm? for films with losses less than one (Table No. L). These pro-
ducts are larger than one might expect for ordinary, non-rutile films
(with dielectric constants around 30) and could indicate the presence of
some higher dielectric material, However, the loss values of these films
were relatively high and so were the final znodization currents -- both
criteria indicative of the formation of thin or porous films., A porous
film or one thinner than normal for its forming potential would also give
a high capacity - voltage product, Titanium anodized in simple KOH baths
(Section F, Table No. 7) also gave relatively high loss films; however,
the capscity-voltage products were lower than those obtained in the KOH-
plumbite baths, Thus, the presence of high dialectric material in the
KOHeplumbite bath films cannot be ruled out.

The reason for considering films exhibiting only a small improvement in
capacity value, over that to be expected for a single oxide film, is due
to the behavior of capacitances in series., The presence of even a thin
layer of low dielectric material in 2 high dielectric film would drastie-
cally reduce the measured capacity of that film,
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Among the films formed on T4 in lead containing baths, those produced in the
lead acetate = EDTA bath (Section D, Table No. 5) gave the lowest loss values.
Films formed at 100 to 150 volts exhibited 18 to 22 PF-V/cm® products at
losses less than 0,1. Neglecting porosity effects, the capacity~voltage pro-
duct is over twice the value one would expect for ordinary ancdized Ti films,

The thick, black films giving high capacities per strip were not successfully
formed on Zr substrates (Section E), Zirconium anodized in a simple lead
acetate bath produced some of the lowest loss films of any formed in lead
containing baths (Table No. 6). The corresponding capacities were too low
to be significant. Relationship between the capacity and loss is illustrae-
ted by the series of values obtained at a 100 volt forming potential in this
system,

Niobium anodized in simple CdSO) baths (Sectiop J, Table No, 12) at 50 to
200 volts produced £ilms with 9 to 13 F=V/ products and some fairly
low loss levels, Comparable thin films on b from non-cadmium containing
baths gave the following capacity-voltage products: 8 F-V/cm? from KOH
(Section F); 9 F-V/em? from EtHoPO) (Table No. 11, Strip 68B only); and

12 P-V/em® from NaHCO3 (Section K), No substantial difference in dielec-
tric quality is therefore indicated between CdSO), bath~produced films and
the others, When the cadmium in the bath was complexed with cyanide to
provide enions, the resulding films had lowsr capacities than those produced

from the uncomplexed baths,

Niobium anodized in an ethyl acid phosphate bath (Section I) produced two
kinds of films, Below about 185 volts a rapidly-forming, thin, translucent
£ilm was grown, At higher potentials an apparently thicker, opaque film
was produced. The opaque films had reduced capacity values but exhibited
ability to be formed to low loss levels,

The anodizetion of Ti in pyridine was not pursued because of the lack of
evidence for the formation of a mixed metal oxide (Section H)., However,
the use of a pyridine bath containing little or no water appears promising
with respect to the formation of higher than usuvzl capacity-~voltage pro=-
duct, single phase films if the loss value can be reduced to an accsptable
level.

The high current density formed £ilms on Ti in the ethyl acid phosphate-
barium phosphate bath were generally unacceptable because of the damage
produced by the arcing (Section G, Table No. 8)., The nonearced areas were
of variable capacity and high loss and became worse on firing., Among the
Ti strips anodized in a simple, agqueous barium hydroxide bath (Table No. 9)
mmber 21B exhibited an interestingly high capacity, but failed to main-
tain that value on firing., Titanium anodized in aqueous barium acetate

or fused Ba(OH)2°8H,0 gave only relatively low cepacity films, and, in the
latter, only low forming potentials could be achieved,

Several bath and substrate combinastions appear promising with respect to
the formation of adherent, reasonably uniform films under high potential,
high current, spark producing conditions, Niobium in a C ~-KOH bath
(Section J) and zircomium in a Pb(CoH )o = ZrO(N03) (Section E) bath
produced the required films at 300 volts. Other combinations which
showed promise but were not tried at sc high a farming potential were:

¥ in a cyanide complexed cadmiunm bath (Section J); Zr in a sirconyl ni-
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trate bath and Woy, T ard %r in & ¥asil

of lead zcetaies *:.o the Kasii 68 Laﬁh re 'h- “he forming potential which
could be achieved with TL (Section D), T cap*a.zit* es of the high current
density, ulj.n.»-pr“mred films were z11 low ~« a not unexpacted result for
very thick films unless the exact requirements for the formation of a high
dielectric, mixed metal cxide had heen forituitously met,

3

83 v ai.v {Secilon K)o The addiiion
Led

The ancdized Nb £ilms dipped in fused KOH (Section L) apparently reacted
sufficiently to alter their chemical composition; however, the resulting
low capacities indicate that the reacted films contained insufficient
amounts or the wrong form of the desired high dislectric KibO3, Anodized
™ £ilms contacted with molten barium hydroxide (Seciion M) also reacted

to produce a different type of film -- presumably containing BaTiG3., The
product was invariably flaky and non-adherent. In those cases where enough
product remained on the strip to be measured; the capacitlies wsre low.

The results of firing the coarse-~grained electrophorstic deposits of BaTiOj3
on Ti substrates {Section N) show that no apprecisble sintering takes place
mach below 1250°C, Due to the growth of low capacity films on the substrate,
air firing appears unadvisable in the absence of a highly protectlve coating.
The anodized film afforded such protection in air to 100COC because ths re=-
action with the substrate led to a high capacity, conducting, thin film, (A
film of this type underlying a desirable high dlalect"lc, h:Lgh registance
layer would not reduce the capacity of the composite device)., Firing in
vacuum prodaced a conducting form of BaTiOq; presumably through the loss of
oxygen. The high capacity could not be m ntained (even with the sintered
deposit) on refiring in air,

Relatively thin oxide films on Zr substrates disappear when heated at 11500C
in vacuum (Section 0), The same effect uas observed vhen ancdized Ti was
neated to 1100°C in argon? and may be atiributed to the solution of the film
oxygen in the metal substrate, UWhen a very thick, anodized film on Zr was
heated at 1250°C in vacuum, somz film remained on the surface, but the metal
subgtrate was destructively embrittled,



SECITON IV
PLANS FOR FUTURE VCRK

The poseibility of incorporating high dielectric material in thin f£ilms formed
in soluble netel containing baths should be pursuned., A primary geal would be
the production of reasonably low loss films,

Since the initial investigations have shown that adherent f£ilms can be formed
under gparking cordition, variations in bath contents shculd be explored, A
propitious bath might be one that contained both of the desired film metals
in soluble form, local heating caused by the spark might then cause 2 mixed
metal oxide of the desired high dielectric form to be cdeposited.

Anodization of T in a fused salt bath containing barivm hydroxide at about
LOOOC might lead directly to the formation of 2 barivm titanate film.

Since the anodized Nb films reacted with KOH have been adherent, reaction

techniques other than dipping in fused KOH might be explored, Sa'cu ration
of the film with a stoichiomeiric quantity of aqueous potassivm compound
followed by f'.i.r:.ng st an intormediate temperature m—tg_n-i bha g nssful appro nach,
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